The aim of this work was to investigate the effects of hypolipidemic agent fenofibrate (FF), a peroxisome proliferator (PP), on human HepG2 cells and to characterize the intracellular events involved. The results showed that, in contrast to the tumor-promoting effects in rodents, high FF concentrations induced human HepG2 cell death through a mechanism involving an increase in the levels of reactive oxygen species (ROS) and intracellular GSH depletion, which led, through mitochondrial dysfunction and perturbation of intracellular Ca 2؉ homeostasis, to cell death. The nuclear receptor peroxisome proliferator-activated receptor-␣ (PPAR␣) was expressed following FF treatment. The results suggest that, although long-term administration of PPs causes liver cancer in susceptible species (e.g., rodents), FF inhibits the growth of human HepG2 cells in a dose-related manner and oxidative stress was involved in this effect. © 2002 Elsevier Science (USA)
Peroxisome proliferators (PPs) 2 are a structurally diverse group of chemicals that include fibrate hypolipidemic agents, phthalate plasticisers, steroids, herbicides, and other chemicals (Moody et al., 1991) . They bind to and activate specific transcription factors belonging to the nuclear hormone receptor superfamily, the peroxisome proliferator-activated receptors (PPARs) (Schoonjans et al., 1996) . Among the three principal isoforms so far identified (PPAR␣, PPAR␤, and PPAR␥), PPAR␣ seems to mediate the hypotriglyceridemic effect of fibrates by inducing high rates of mitochondrial and peroxisomal ␤-oxidation in liver, kidney, heart, and muscle and by decreasing the plasma concentration of triacylglycerol-rich lipoproteins (Mukherjee et al., 1997) . PPAR␣ also has been found to mediate the activity of PPs in mice (Gonzalez et al., 1998) . Fenofibrate (FF), a member of the fibrate class of lipid-modifying drugs has been extensively used in many countries for more than 20 years. However, FF has been identified as a PP and a liver tumor promoter in rodents and a debate exists as to whether humans are at increased cancer risk following exposure to PPs (Cornu-Chsgnon et al., 1995) .
It is important to understand the molecular basis for species differences in order to assess the health risk to humans in the pharmaceutical use of hypolipidemic drugs. Previous studies on species differences of PPs focused on the following three aspects: 1) One key difference is that PPAR␣ is less abundant in human than in rodent liver, which has led to the suggestion that species differences result from quantitative differences in gene expression. PPAR␣ expression levels are sufficient in humans to mediate hypolipidaemia, but too low for transcriptional regulation of the full battery of genes associated with the adverse effects seen in rodents, such as peroxisome proliferation, liver enlargement, and tumors (Holden and Tugwood, 1999) . 2) Evidence shows that the striking species differences observed in vitro are due to intrinsic biochemical differences between hepatocytes of the various species rather than to differences in metabolism or circulating levels of PP in the whole animal (Bentley et al., 1993) . The peroxisomal ␤-oxidation pathway was assessed by the cyanide-insensitive palmitoyl-CoA oxidase activity (PCOA), which has been shown to be a specific marker of peroxisomal proliferation. FF induced peroxisomal PCOA in rat hepatocytes but did not induce peroxisomal PCOA in human HepG2 cells (Cornu-Chsgnon et al., 1995) . The PPs clofibric acid or bezafibrate did not induce peroxisomal activities in cultured human PLC/PRF/5 or SK-HEP-1 cells under the conditions of induction of peroxisomal activities in cultured primary rat liver cells (Bentley et al., 1987) . 3) PP-induced carcinogenicity in rodent was postulated to be the consequence of an overproduction of superoxide radical and hydrogen peroxide and/or a decrease in the activities of antioxidant enzymes (Rao and Reddym, 1987; Dhaunsi et al., 1994) . In rodent species, FF increases the number of hepatic peroxisomes and the activities of peroxisomal enzymes involved in the production of superoxide radical and hydrogen peroxide. PPs induced the microsomal cytochrome P450 system, leading to a high rate of superoxide radical formation. Xanthine oxidase and cytochrome P450 reductase generate more superoxide radical under the action of PPs (Holloway and Orton, 1980) . The activities of rat mitochondrial enzymes caused an oxidative stress in hepatocytes following clofibrate treatment (Chance and Mclntosh, 1995) . These effects are considered to be specific to rodent species but of no consequence to humans. However, activities of peroxisome H 2 O 2 -producing enzymes were found to be increased in human hepatoma cells exposed to PPs (Scotto et al., 1995 ). An increased level of superoxide radicals and superoxide dismutase (SOD) in human liver cells treated with PP clofibric acid has been shown (Bécuwe et al., 1999) . In different species, the redox imbalance may initiate a different signal pathway that leads to different growth response. Among these three aspects, the first two have been relatively well determined by several studies, but the effects of PPs on redox status of different species remains a matter of controversy.
The objective of the current study is to examine the effects of FF in human HepG2 cells and to characterize the intracellular events involved. The experiment results showed that, in contrast to the tumor-promoting effects in rodents, a growthinhibitory effect of FF on human HepG2 cells was found. This effect was partially prevented by the antioxidant vitamin E, which suggests a role of reactive oxygen species (ROS) in this event. Incubation of HepG2 cells with a cytotoxic dose of FF (Ͼ100 M) induced GSH depletion, accumulation of intracellular ROS, elevation of intracellular calcium, and decrease of mitochondrial membrane potential (MMP). Transcript levels of the nuclear receptor PPAR␣ were elevated in HepG2 cells following FF treatment. A more detailed understanding of the mechanisms through which these chemicals cause tumors in rodents and how humans may differ will assist in extrapolation of rodent data to human risk assessment.
MATERIALS AND METHODS
Reagents. DMEM cell culture medium, fetal bovine serum (FBS), Hepes and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliunbromide) were purchased from GIBCO BRL (Gaithersburg, MD, USA). Fluo-3 and 2,7-dichlorofluorescin diacetate (DCFH-DA) were purchased from Molecular Probes Inc. (Eugene, OR, USA). Trypsin and dimethyl sulfoxide (DMSO) were purchased from Sigma Chem. Co. (St. Louis, MO, USA). Fenofibrate was provided by Laboratories FOURNIER (France). All other chemicals made in China were analytical grade.
Cell culture. HepG2 cell line (HB8065; American Type Culture Collection, Rockville, MD) is a human hepatoblastoma cell line with a wide variety of liver-specific metabolic responses to different kinds of drugs (Knowles et al., 1980) . HepG2 were grown in DMEM medium supplemented with 10% (v/v) heat-inactivated FBS and 2 mM L-glutamine in a humidified atmosphere with 5% CO 2 at 37°C. The cells were subcultured every 5-7 days at 1:3 split ratios. The cells were used for experiments within eight passages to ensure cell line stability. Medium was changed every 2 days. Stocks of cells were routinely frozen and stored in liquid N 2 . PPAR␣ activator was dissolved in DMSO as 1000-fold stock solutions and diluted 1000-fold into culture medium. The control cells received an equivalent amount of DMSO.
When the antioxidants were tested, vitamin E was previously incubated for 24 h before FF addition and maintained during FF exposure.
Determination of cell viability evaluated as mitochondrial activity. Cell viability evaluated as mitochondrial activity was quantified by measuring dehydrogenase activity retained in the cultured cells using the MTT assay. The assay is based on the ability of living cells to convert dissolved MTT into insoluble formazan. Therefore, the amount of formazan produced is proportional to the number of living cells. The cells were plated at a density of 1.3 ϫ 10 5 /cm 2 in 96-well plates. After drug treatments, the cells were incubated with 1 mg/ml MTT in DMEM medium for 4 h at 37°C. The MTT-containing medium then was removed and the intracellular formazan product was dissolved in DMSO for quantification at A 560 .
Detection of apoptosis. The living cells were determined by exclusion of trypan blue, which is excluded by the membrane of the viable cells, whereas the nuclei of damaged or dead cells take up the stain. In order to evaluate the apoptotic index, the intercalating agent propidium iodide method, which reveals the presence of hypodipoid cells, was used in cytofluorimetric analysis. Control and treated cells were detached with trypsin-EDTA solution, centrifuged at 300g for 10 min, washed in PBS, and fixed with 70% ethanol for 30 min at 4°C. The cells were then treated with 20 g/ml RNase for 15 min at 37°C and analyzed by the cytofluorimeter FACS (Becton Dickinson). To assess DNA ladder formation, the cells were digested overnight at 37°C in 0.5 mg/ml proteinase K and treated with 10 g/ml RNase for 1 h at 37°C, gently extracted with phenol and chloroform, and analyzed on 1.4% agarose gel.
Measurements of [Ca
2؉ ] i . [Ca 2ϩ ] i values were detected by using the fluorescent probe Fluo-3-AM, a calcium fluorescent ester, chelator, and indicator. For the study of dose-dependent effects of FF on intracellular [Ca 2ϩ ] i level in HepG2 cells after 24 h incubation, the cells were collected and loaded with 5 M Fluo-3-AM (dissolved in DMSO) for 30 min at 37°C. After the loading period, the cells were washed twice with PBS containing 1% FBS. The fluorescence was recorded at 480 nm excitation and 520 nm emission in a Perkin-Elmer LS 50B spectrophotofluorimeter. [Ca 2ϩ ] i was calculated according to the published equation: [Ca 2ϩ 
nM is the dissociation constant for Fluo-3. The maximum fluorescence (F max ) was obtained after addition of 0.1% Triton X-100 and the minimum fluorescence (F min ) was obtained after addition of 15 mM EGTA (stock solution 1 M at pH 9; this pH was adjusted to avoid acidification).
Measurement of reactive oxygen species.
The intracellular ROS production was measured using a nonfluorescent compound 2Ј,7Ј-dichlorofluorescein diacetate (DCFH-DA) by the method of (Bass et al., 1983) with modification. This method measures the formation of hydrogen peroxide generated by an oxidative metabolic burst. Viable cells can deacetylate DCFH-DA to 2Ј,7Ј-dichlorofluorescin (DCFH), which is not fluorescent. This compound reacts quantitatively with oxygen species within the cell to produce the fluorescent dye 2Ј,7Ј-dichlorofluorescein (DCF), which remains trapped within the cell and can be measured to provide an index of intracellular oxidation. For the study of dose-dependent effects of FF on ROS production in HepG2 cells after 24 h incubation, the cells were collected and loaded with 20 M DCFH-DA (dissolved in DMSO) for 30 min at 37°C. After washing out the excess probe, the cells were transferred to a fluorometer cuvette, and the fluorescence was recorded at 490 nm excitation and 530 nm emission (bandpass 2.5 nm) in a Perkin-Elmer LS 50B spectrophotofluorimeter.
For the study of transient change of ROS right after exposure to FF, the cells were harvested and replated at subconfluent densities into 35-mm 2 culture dishes with a glass bottom. After 24 h in these dishes, the cells (2 ϫ 10 6 /ml) were incubated with 20 M DCFH-DA for 30 min at 37°C. After the loading period, the cells were washed twice with PBS and ROS measurements were performed using AquaCosmos (Version 2.00) Software provided by Hamamatsu photonic K.K. The cells were visualized with a 40ϫ objective on a Nikon 300 microscope and ROS level was expressed as a percentage of baseline ROS for each cell.
Determination of the intracellular GSH content. The samples for measuring GSH were processed according to previously published methods (Hissin and Hilf, 1976) . Briefly, the cells were seeded at 5000 cells/cm 2 in Falcon six-well plates. After washing twice with phosphate buffer (pH 7.4), the cultured monolayers were scraped into 1.0 ml of 0.1 M phosphate buffer (pH 8.3) containing 5 mM EDTA. The cell suspension was deproteined with 200 l 20% TCA, homogenized by gentle sonication at 0°C, and then centrifuged for 10 min at 5000g. The final assay mixture contained 50 l of the diluted supernatant, 0.9 ml of phosphate EDTA buffer (pH 8.3), and 50 l (final 50 g/ml) of the o-phthalaldehyde solution. After thorough mixing and incubation at room temperature for 30 min, the fluorescence was read at an emission wavelength of 420 nm and an excitation wavelength of 350 nm. This assay was suitable for routine GSH measurements and was determined to be comparable to the HPLC method in terms of its specificity and sensitivity for GSH.
Analysis of mitochondrial membrane potential. As a measurement of mitohcondrial damage, the MMP (⌬ mit ) is assessed by using the fluorescent cationic dye Rh123, which accumulates in mitochondria and is released upon membrane depolarization (Palmeira et al., 1996) . For the study of dosedependent effects of FF on decrease of MMP in HepG2 cells after 24 h incubation, the cells were collected and incubated for 10 min at 37°C with 1 M Rh123, in an atmosphere of 95% air and 5% CO 2 . The cells were then washed with 140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 5.6 mM glucose, 1.5 mM CaCl 2 , and 20 mM Hepes-Na (final pH 7.4) and transferred to a fluorometer cuvette. The dye remaining trapped in the cells was determined by fluorimetric analysis at excitation and emission wavelengths of 490 and 515 nm, respectively, at 37°C in a Perkin-Elmer LS 50B spectrophotofluorimeter.
Determination of PPAR␣ expression. Total RNA was isolated from Hep2 cells using a RNA Isolation Kit (Gibco BRL), and the mRNA level of PPAR␣ was determined by RT-PCR analysis as described previously (Poynter et al., 1998 ). An aliquot of 1 g of total RNA from each sample was reverse transcribed to cDNA using a First-Strand cDNA Synthesis Kit (Gibcol BRL). A standard 25 l PCR contained 1 l of the reverse transcriptase reaction, 0.2 mmol/L dNTP, 1.5 mmol/L MgCl 2 , 1ϫ Assay Buffer B, 1.5 U Taq polymerase (Promega, Madison, WI), 30 pmol forward primer, and 30 pmol reverse primer (Life Technologies). The primers of PPAR␣ were designed according to the published sequences: 5Ј-GTG GCT ATA ATT TGC TGT G-3Ј (upstream) and 5Ј-GAA GGT GTC ATC TGG ATG GGT G-3Ј (downstream). The primers of ␤-actin were used as an internal standard to normalize the results. Aliquots (10 l) of the PCR reaction were elecrophoresed on a 1.4% agarose gel. PCR products were visualized with ethidium bromide. Amplification of each gene yielded a unique band of the expected size (PPAR␣: 328 bp; ␤-actin: 545 bp).
Statistical analysis. Experimental data were analyzed by Student's t test and expressed as means Ϯ SD. A probability value of p Ͻ 0.05 was considered to be statistically significant.
RESULTS

FF Decreases the Viability of HepG2 Cells
The effect of FF on cell viability was evaluated by determining the percentage of MTT reduction upon incubation of HepG2 cells with increasing FF concentrations in the range 0 -250 M. As shown in Fig. 1A , FF elicited a dose-and time-dependent reduction in cell viability. With 100 M FF treatment, cell viability was decreased about 5 and 20% after 24 and 96 h exposure, respectively, compared with control. Treatment with 250 M FF led to about 30% reduction in 24 h and about 70% reduction after an incubation time of 96 h.
Typical changes of apoptosis, including DNA ladder in agarose gel electrophoresis and increased apoptotic ratios measured by flow cytometry, were not found in HepG2 cells treated by FF, together with the fact that cells stained by trypan blue increased (data not show), suggesting that the decrease of cell viability was partly due to necrotic cell death. The protective effect of antioxidant was shown in Fig. 1B . It can be found that vitamin E partially protected HepG 2 cells against the FF-induced decrease in cell viability. The cell viabilities were enhanced about 40 -70% compared to 150 -300 M FF treated alone. The protective effect was significant. 
FF Induces the Accumulation of ROS in HepG2 Cells
To clarify the involvement of oxygen radical in damaged HepG2 cells induced by FF, the accumulation of ROS after FF exposure was measured by a converting reaction of DCFH-DA to DCF. Results show that FF induced ROS production after the cells were treated with FF for only a few minutes. The ROS level was two times higher than the initiation point and keep on a plateau level ( Fig. 2A) . After 24 h of incubation with FF, there was a dose-dependent increase in ROS production (Fig.  2B) . The generation of ROS increased dramatically when the cells were treated by FF in concentrations of 100 -250 M.
FF Decreases Intracellular GSH Levels
GSH is an important cellular antioxidant. In order to determine the effect of FF on the redox status of cells, GSH level was evaluated in the cells treated and untreated by FF (Fig. 3) . In contrast to the increase of ROS, GSH decreased dramatically when the cells were treated by FF in concentrations of 100 -300 M. This result and ROS accumulation suggested that redox imbalance or oxidative stress occurred in the cells treated by FF.
FF Perturbs the Intracellular Ca 2ϩ Homeostasis in HepG2 Cells
Usually the oxidative stress is associated with the perturbation of intracellular Ca 2ϩ , so the changes of intracellular Ca 2ϩ were determined. The results show that, after 24 h of incubation with FF, there was a dose-dependent increase in the intracellular calcium concentration (Fig. 4) . The increase was 30 and 50% higher than control, respectively, in the cells treated with 150 and 200 M FF.
FF Leads to the Impairment of Mitochondrial Function in HepG2 Cells
The decrease of the MMP induced by FF was evaluated by determining the cellular retention of Rh123, which is selectively taken up by mitochondria and reflects the maintenance of the mitochondrial potential. As shown in Fig. 5 , treatment of HepG2 cells with FF in concentrations of 100 -250 M led to a significant drop of Rh123 retention. This result suggests that oxidative stress induced by FF not only increases intracellular 
Ca
2ϩ but also impairs the mitochondrial function in HepG2 cells.
Transcript Levels of PPAR␣ Were Elevated Following FF Treatment
The RT-PCR products from total RNA of HepG2 cells treated with 150 M FF analyzed by electrophoresis with ethidium bromide in 1.4% agarose gel are shown in Fig. 6 . A single band with a predicted size (328 bp) was detected in RT-PCR products from RNA of the cells treated and untreated by FF and the levels of PPAR␣ mRNA in treated cells were significantly higher than that in untreated cells. The PPAR␣ expression increased 1.8 Ϯ 0.3-fold after treatment by FF, as measured by density scan.
DISCUSSION
FF and PPARs
FF, a member of the fibrate class of lipid modifying drugs, has been extensively used in many countries since 1975. The molecular mechanism underlying the effect of fibrates has been elucidated (Staels et al., 1998) . Fibrates bind to and activate specific transcription factor PPARs. These receptors form heterodimers with retinoid X receptor and bind to peroxisome proliferator response element in the promotor region of PPresponsive genes, whose transcription rate is consequently regulated. The multiple cellular functions of PPARs were reviewed by Escher et al. (2000) . PPARs regulate lipid metabolism, glucose homeostasis, and cell proliferation, thereby integrating nutritional, metabolic, and environmental stimuli within the regulatory network (Spiegelman and Flier, 1996) . PPAR␣ seems to mediate the hypotriglyceridemic effect of fibrates and the activity of PPs in mice. Gene knockout mice lacking PPAR␣ are refractory to peroxisome proliferation and PP-induced changes in gene expression. Furthermore, PPAR␣-null mice are resistant to hepatocarcinogenesis when fed a diet containing a potent nongenotoxic carcinogen, WY-14,643 (Gonzalez et al., 1998) . However, the effect of PPAR␥ is very 
FIG. 6.
Transcript levels of PPAR␣ were elevated in HepG2 cells incubated with 150 M FF. RNA was isolated and examined by RT-PCR using a primer for the PPAR␣. A primer for ␤-actin was used as a control. A single band with a predicted size (328 bp) of PPAR␣ DNA was detected and the levels of PPAR␣ mRNA in treated cells were 1.8 Ϯ 0.3-fold higher than that in untreated cells. different from PPAR␣. PPAR␥ is expressed in some cancer cells, such as breast, lung, and gastric cancer, and its ligands induce growth arrest of these cancer cells through apoptosis. A growing body of evidence shows that PP may be used therapeutically to treat cancer through their ability to increase apoptosis. In human HepG2 cells, it was reported that activation of PPAR␥ by troglitazone or 15-deoxy-␦-12,14-prostaglandin J 2 (15d-PGJ 2 ) caused marked growth inhibition (Okano et al., 2002) .
PPARs are also the members of the redox-regulated transcription factor. Transcription factors that are directly influenced by ROS include nuclear factor B (NF-B), activator protein1 (AP-1), specificity protein (Sp1), PPARs, and other members of the nuclear receptor superfamily. One of the important physiological roles of PPARs is the regulation of inflammatory reaction (Devchand et al., 1996) . Ligand-activated PPAR␣ can suppress inflammatory reactions directly by inhibiting IL-1-inducing and NF-B-mediated production of IL-6 and by inhibiting NF-B function. Enhanced IL-6 production by activated NF-B has been implicated in many pathophysiological dysfunctions. The result in our study shows that PPAR␣ expressed in HepG2 cells following FF treatment and the levels of PPAR␣ mRNA in treated cells were significantly higher than that in untreated cells (Fig. 6) . This activation may also be redox-associated and may be seen as a negative feedback to regulated redox imbalance.
FF has been identified as a PP in rodents and evidence has shown that prolonged exposure to PPs causes an increased incidence of liver tumors in mice and rats, but there was no evidence of peroxisome proliferation and liver tumor in liver biopsies from humans treated with FF (Gariot et al., 1987) . The effects of PP on redox status have been studied in rodents. It was reported that the plasma TBARS level showed a significant negative correlation with the liver PPAR␣ mRNA level, and SOD level had a significant positive correlation with the liver PPAR␣ level (Inoue et al. 1997 (Inoue et al. , 1998 . Dietary supplementation of aged mice with PPAR␣ activator has the effects of reestablishment of normal redox balance (Poynter and Daynes, 1998) . In contrast to the tumor-promoting effect in rodents, a growth-inhibitory effect of FF in human HepG2 cells was found in this work (Fig. 1A) . This effect was partially prevented by the antioxidant vitamin E, which suggests that ROS might play an important role in this event (Fig. 1B) . The results in our study show that ROS and intracellular calcium levels increased and then MMP decreased, as well as an increase in the expression of PPAR␣ following FF treatment. Since there is controversy regarding the effects of PPs on different species, our work may provide new evidence of the special effects of FF on human cells that are very different from those on rodent cells.
The HepG2 cell line is a human hepatoblastoma cell line with a wide variety of liver-specific metabolic responses to different kinds of drugs and it has been used in many studies until this year, although some labs said that HepG2 was not an appropriate surrogate for examining the molecular events in PP-induced liver cancer. For example, it is found that 15d-PGJ 2 , a PPAR␥ ligand, inhibited cellular proliferation in HepG2 and augmented TNF-family-induced apoptosis (Okano et al., 2002) . The effects of clofibric acid, a peroxisome proliferator, on the production of superoxide radicals, on the levels of malondialdehyde and 4-hydroxynonenal, and on the expression of superoxide dismutases were also examined in this cell line (Bécuwe et al., 1999) . The HepG2 cells were used to study the differential gene regulation in human versus rodent hepatocytes by PPAR␣ (Lawrence et al., 2002) .
ROS Production Stimulation, Intracellular Calcium Increase, GSH Depletion, and Mitochondrial Dysfunction as FF Cytotoxic Mechanisms
In order to study the role of ROS in the FF toxicity of HepG2 cells, we studied the effects of FF on GSH, MMP, and intracellular calcium. GSH is an important cellular antioxidant and plays a major role in protecting cells against oxidative stress. Several studies have shown that the rapid depletion of GSH in liver in vivo and in freshly isolated hepatocytes was associated with lipid peroxidation and cell death (Younes and Siegers, 1981; Meredith and Reed, 1983) . It has been postulated that the loss of GSH may compromise cellular antioxidant defenses and lead to the accumulation of ROS that are generated as byproducts of normal cellular function.
Our results show that FF induced ROS production and GSH depletion in a dose-dependent manner (Figs. 2B and 3) in HepG2 cells. These data lead to the conclusion that oxidative stress is one of the mechanisms of FF cytotoxicity. The results here also show that FF decreases the MMP, resulting in the reduction of mitochondrial retention (Fig. 5) , which supports the hypothesis that FF induces mitochondrial dysfunction in HepG2 cells. The decrease of the MMP, induced by FF, may be caused at least in part by an increase in peroxide accumulation. Several groups reported that impairment in the MMP under oxidative stress conditions is caused by the increased generation of oxygen free radicals (Carini et al.,1992; Vimard et al., 1996; Kruidering et al., 1997) .
The results of our research show that FF caused a dosedependent increase in the intracellular calcium concentration (Fig. 4) . The increase in [Ca 2ϩ ] i , stimulated by exposure to FF, may result in part from the release of the inositol 1,4,5-triphosphate-sensitive intracellular Ca 2ϩ pool and in part from the influx of extracellular Ca 2ϩ . The following mechanisms may be involved in this effect: 1) Earlier evidence suggested that oxidative stress directly modulates calcium homeostasis during biological aging and in a variety of diseases (Smith et al., 1996) . It was shown that intracellular oxidants might be able to produce prolonged activation of voltage-sensitive Ca 2ϩ channels in plasma membrane (Murphy et al., 1988) . It was reported that, in various cell types, calcium levels increased following exposure to oxidants, including hepatocytes (Albano et al., 1991) . Meanwhile, the initial transient increase in [Ca 2ϩ ] i results in part from the rapid release of intracellular Ca 2ϩ following receptor-mediated activation of phospholipase C and the subsequent generation of inositol 1,4,5-trisphosphate. 2) The oxidative stress-induced drop in MMP was demonstrated to be associated with Ca 2ϩ ion leakage from mitochondria (Nishida et al., 1989; Van de Water et al., 1994) , which could probably explain the increase in intracellular Ca 2ϩ levels observed after FF exposure (Fig. 4) . Previous studies of liver cells demonstrated that prooxidants were able to impair mitochondrial function leading to Ca 2ϩ release from mitochondria (Richter and Schlegel, 1993) . Therefore, the contribution of mitochondrial dysfunction induced by FF on HepG2 cells, to the increased [Ca 2ϩ ] i cannot be ruled out.
3) The increase in intracellular Ca 2ϩ levels could result from the impairment of plasma membrane extrusion mechanisms and inhibition of sequestration by intracellular organelles. 4) The increased intracellular levels of free Ca 2ϩ , observed after treatment of HepG2 cells with high doses of FF, suggest a role for Ca 2ϩ in FF-induced cell death. Sustained elevated calcium levels in cells may impair mitochondrial function and may activate phospholipases, proteases, and endonucleases, leading to irreversible membrane, organelle, and chromatin damage and eventually to cell death (Orrenius et al., 1992; Trump and Berezesky, 1995) . Therefore, calcium ions play an important role in the development of oxidant injury.
It was reported that ROS and calcium are upstream of the signals for cell death. They cause cellular redox imbalance and change of MMP, which causes release of cytochrome c and activation of caspase, and finally leads to cell apoptosis (Kamata and Hirata, 1999) . Our results showed that 150 M FF caused a transient elevation of ROS and intracellular calcium within a few minutes. It was then found that the level of GSH was decreased and the MMP also was decreased. Hence, we suggest that FF first caused an increase of ROS and calcium and then decreased the level of GSH in the cells, which caused the change in MMP and finally caused the cell death.
In summary, the present study clarified the effects of FF on growth response and imbalance of redox status in human hepatoma cells and discussed some relevant mechanisms. Although long-term administration of FF caused liver cancer in susceptible species (e.g., rodents), high concentrations of FF were found to have the effect of inducing cell death on human liver cells with the involvement of oxidative stress. The expression of PPAR␣ was enhanced following FF treatment and the activation of PPAR␣ may also be a negative feedback to regulate redox imbalance.
